Introduction
Polymeric microspheres are polymers that aggregate into spherical shapes with diameters at the nanometer (nm) to micrometer (mm) scale. Originally, macromolecular microspheres were obtained by emulsion polymerization, suspension polymerization and dispersion polymerization. With the progress of production techniques, scientists modied the electrospinning technique to develop facile electrospray methods for the preparation of polymer microspheres and nanospheres.
1-4
The electrospray technique facilitated the fabrication of multiphasic and multi-component polymer spheres and resulted in vigorous developments in the eld of functional polymer microspheres. Polymer microspheres with hollow and coreshell structures are particularly useful for biological applications and nanotechnology. 5 Although electrospray techniques provide ways to engineer the architecture of polymer particles, the properties of the particles still depend on the embedded active species.
Fluorescence (FL) is an important property for many nanomaterials. For example, FL detection is currently the dominant technique in the eld of sensing technology. [6] [7] [8] [9] [10] It facilitates the detection of analytes present in biological samples by transducing the signals in optical imaging. 11 Despite advances in the performance of conjugated molecules, applying conjugated molecules as uorophores in polymer microspheres remains difficult, 12, 13 because the FL behaviors of conjugated molecules are strongly inuenced by their aggregation states.
14 Besides showing aggregation induced emission properties, 15 the continuous p-stacking of conjugated molecules oen causes decreases in FL quantum yield (F F ). In studies of perylene diimide (PDI) based uorophores, various molecular designs have been applied to reach high F F in different physical states. For example, Würthner assembled core-twisted PDI to prevent continuous p-stacking, which resulted in one-dimensional Jaggregates that delivered near unity F F in solution. 16 In our group, by attaching two POSS molecular nanoparticles to the two N-positions of a PDI core, 17 POSS-PDI-POSS (PPP in Scheme 1a) giant molecules are inclined to form unique dimer stacking (Scheme 1d) in the crystalline state, because the POSS units effectively inhibit the continuous p-packing of PDI.
18 PPP thus shows F F of 100% in solution and F F of 48% in the crystalline phase.
Although nearly unity F F has been reported for PDI uo-rophores in the solution state, when embedded into polymer microspheres, the highest F F of PDI-embedded polymer microspheres reported so far is 68%, shown by PDI/PMMA (poly(methyl methacrylate)) microspheres. 12, 19 To enhance F F and to extend the applications of PDI microspheres, in this work, we blend PPP with polystyrene (PS) and poly(3-hydroxylbutyrate-co-3-hydroxyvalerate) (PHBV), respectively. Then, an electrospray technique is used to prepare the PPP/polymer microspheres. Signicantly, PHBV is a biodegradable and biocompatible polyester synthesized by microorganisms.
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Via microscopic and photophysical experiments, a unique hollow sphere morphology and F F of nearly 100% were observed for the electrosprayed PPP/PS microspheres.
Experimental
Synthesis POSS-PDI-POSS conjugates were synthesized according to literature procedures. 23, 24 Unless otherwise noted, reagents and solvents were purchased as reagent grade and used without further purication. All reactions were carried out with standard glassware under an inert nitrogen atmosphere. Evaporation and concentration were carried out with water aspirator pressure and drying under vacuum at 10 À2 Torr.
Preparation of the spin-cast thin lm
The quartz plates were soaked in 10% NaOH(aq) for 12 h, sonicated with deionized water and ethanol for 10 min, and then blow-dried with high purity nitrogen (99.9%), before the lm was cast by a KW-4A spin coater. The CHCl 3 solutions of PPP were dropped on the quartz plates and then fabricated at 500-2500 rpm in 2-18 seconds.
Preparation of the electrostatic spraying solutions
The CHCl 3 solutions of the PPP/PS mixture were prepared by dissolving different ratios of PPP powders and PS slices in chloroform at 70 C. The solutions were stirred until all the solid compounds dissolved and the solution became clear. The concentration of the PPP/PS mixture in the solution was 2 wt%, and the weight ratios of PPP/PS in chloroform were: 1/1000, 2/ 1000, 4/1000, and 8/1000 (w/w). For the CHCl 3 solution of PPP/PHBV, the concentration of the PPP/PHBV mixture was also 2 wt% in the CHCl 3 solution, and the weight ratios of PPP/PHBV in chloroform were: 1/1000, 2/1000, 4/1000, and 8/1000 (w/w).
Preparation of uorescence microspheres
The solution was loaded into the injection syringe, as shown in Fig. 1 , for the consequent electrostatic spraying process. The advancing speed of the syringe pump was 2 mL h À1 , the receiving distance was 20 cm, and the applied voltage was 15 kV for the spraying process.
General measurement
Ultraviolet and visible (UV-vis) spectra of the solutions were recorded on a Lambda 35 (Perkin Elmer) spectrophotometer. UV-vis spectra of the lms and microspheres were recorded on a Lambda 950 (Perkin Elmer) spectrophotometer. The excitation and emission spectra of the samples were recorded on a FP-6600 steady-state uorescence spectrophotometer (analysis range 200-800 nm with a resolution of 1 nm). The solution sample was measured with a 2 mm or 10 mm cuvette, whereas the solid sample was detected with an integrating sphere. Optical microscopy (OM) images were recorded by a YS2 optical microscope. The magnication of the sample was 400 times (eyepiece 10Â, objective 40Â). Fluorescence microscopy (FM) images were recorded by an Olympus BX-51 uorescence microscope. The magnication of the sample was 400 times (eyepiece 10Â, objective 40Â) and the excitation wavelength was around 550-570 nm. Fluorescence quantum yield measurements were obtained on a JASCO FP-6600 spectrouorometer equipped with a 60 mm diameter integrating sphere accessory and corresponding soware. Microspheres were placed in a 10 mm diameter holder with a quartz window. The measured spectra were corrected for blanks by performing measurements for the reectance standard (Al 2 O 3 ), with the sample emission spectrum measured under the same conditions. The excitation wavelength could be chosen from the 350-750 nm range of the spectrum. The morphologies of the microspheres were observed by a Japan HITACHI eld emission scanning electron microscope (SEM). Transmission Electron Microscopy (TEM) observations were performed on a JEOL JEM-2010 transmission electron microscope with an accelerating voltage of 160 kV and a Gatan-831 CCD camera.
Results and discussion

Morphology of PPP/polymer microspheres
The chemical structures of the materials used in the preparation of the FL microspheres are shown in Scheme 1. PPP was chosen as the uorophore for the microspheres because it delivers high solid-state F F from its unique dimer packing.
18 PS and PHBV were selected for the polymer matrices of the microspheres to verify the inuence of the dispersion phase on the performance of the microspheres. The FL microspheres were fabricated via electrospraying CHCl 3 solutions of 2 wt% PPP/PHBV or PPP/PS mixtures. A schematic illustration of the electrospray setup is shown in Fig. 1 . The PPP/PHBV ratio affects the morphology of the microspheres. Above a PPP/PHBV ratio of 8/1000 w/w, the size and shape of the microspheres cannot be well controlled. Nevertheless, as shown in Fig. 2 , below a PPP/PHBV ratio of 4/1000 w/w, microspheres with welldened shapes were prepared from the electrosprayed solutions.
Under the microscope, pristine PPP forms needle-like crystals in the drop-cast lm, whereas the electrosprayed CHCl 3 solution of PPP/PHBV results in microspheres, as shown in Fig. 2(c) . Excited by green light (l ex : 530 nm), both the needle crystals and the microspheres emit strong red light, as can be seen from the uorescence microscopy (FM) micrographs in Fig. 2(b) and (c), suggesting that PPP is a great red uorophore both in a pristine lm and when it is dispersed in a polymer matrix. The SEM micrographs in Fig. 3 reveal the morphological details of microspheres prepared from the PPP/PHBV solutions.
The diameters of the PPP/PHBV microspheres are around 8-10 mm, and the microspheres have a rough surface. More interestingly, as shown in Fig. 3(f) , the PPP/PHBV blend forms microspheres with hollow structures in the electrospray process. The unique morphology signicantly increases the surface area of the microspheres and may enhance the performance of the microspheres in applications. Unlike the PPP/ PHBV microspheres, as shown in Fig. 3(e) , the electrosprayed PPP/PS microparticles have a similar shape to erythrocytes and diameters of 10-25 mm. These erythrocyte-like microparticles have a concave surface and many pores distributed on the surface. The morphology of the PPP/PS microparticles suggests that the PPP/PS blend also forms hollow particles during the electrospraying process. Nevertheless, the shell of the PPP/PS hollow particles was not strong enough to maintain the particle shape, so the PPP/PS macroparticles collapsed during the drying process. The formation mechanism of the rough and hollow microspheres of the PPP/PHBV and PPP/PS blends remains unclear. Why the PPP/polymer blends encapsulate solvents and form hollow particles is an interesting question to be answered and will be further investigated in a separate study.
Photophysical properties of the PPP/PHBV microspheres
The photophysical properties of the PPP/PHBV microspheres and the aggregation state of PPP in the microspheres were studied by UV-vis absorption and FL spectroscopy. In Fig. 4(a) , compared to the spectrum of the PPP solution, the PPP thin lm and PPP/PHBV microspheres give UV-vis spectra with broadened and red-shied absorption bands. Previous studies indicate that in good solvents such as CHCl 3 , PPP behaves as individual molecules and delivers monomeric absorption characteristics that show sharp absorption bands at 460 nm, 490 nm and 527 nm, corresponding to the 0-2, 0-1, and 0-0 electronic transitions of PDI. 25, 26 The broadened absorption bands suggest that PPP molecules are packed closely in the thin lm and in the microspheres. In Fig. 4(b) , monomeric PPP in solution shows a FL spectrum that is the mirror image of its absorption spectrum. On the contrary, the PPP lm and the PPP/PHBV microspheres give broadened and red-shied FL bands with l FL at 624 nm and 649 nm, respectively. The PPP crystals emit FL at 624 nm, but the fast-precipitated PPP powders show FL at 649 nm.
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Therefore, the FL band at 649 nm indicates that the PPP/ PHBV microspheres contain PPP molecules that have similar aggregation states to the rapidly-precipitated PPP powders. Although in both the crystal and powder states, PPP molecules form discontinuous dimeric packing rather than continuous pp stacking because of the steric hindrance of the bulky POSS units, packing defects exist in the rapidly-formed PPP aggregates, and weaken the ability of the POSS units to conne the positions of the PDI units. The less well dened packing structures thus result in a higher possibility of non-uorescence relaxation and a lower F F . 27 In Table 1 , the PPP/PBHV microspheres thus deliver F F values that are lower than the F F of the PPP crystal (48%). Nevertheless, since the PHBV matrix dilutes the weight ratio of PPP, and the bulky POSS units prevent the PDI units from forming continuous p-p stacking, the PPP dimers in the PPP/PHBV microspheres still deliver superior F F values (23.9-28.5%) compared to the PPP precipitate (F F ¼ 17%) and most of the PDI materials in the condensed phase.
Photophysical properties of the PPP/PS microspheres
In Fig. 5(a) , the PPP/PS microspheres give absorption spectra that are very similar to those of the PPP/PHBV microspheres, suggesting that PPP molecules form aggregates in both the PHBV and PS matrices. However, the FL spectra of the PPP/PS microspheres are signicantly different to those of the PPP/ PHBV microspheres. At the weight ratios of 1/1000 (w/w) and 2/1000 (w/w), the PPP/PS microspheres gave FL spectra similar to that of the PPP solution, as can be seen in Fig. 5(b) . The results indicate that PS acts as a better matrix than PHBV to disperse PPP molecules and to disrupt p-stacking among the PDI units. Comparing the chemical structures of PHBV and PS, PS contains phenyl groups that have better miscibility with aromatic molecules. Thus, the more signicant disturbance in the p-stacking in the PPP/PS microspheres can be attributed to the better miscibility between the PPP uorophore and the polymer matrix. Accompanying the disruption of p-stacking, the 1/1000 w/w PPP/PS microspheres show monomeric FL characteristics and deliver nearly 100% F F (Table 1) . Table 1 also shows that F F of the PPP/PS microspheres decreases as the weight ratio of PPP increases. The red-shi of the FL band and the appearance of the FL shoulder at l FL ¼ 649 nm suggest that PPP molecules form dimeric aggregation in the microspheres if the concentration of PPP is high enough. Nevertheless, the PPP/PS microspheres still deliver over 50% F F at a weight ratio of 4/1000 (w/w). The results prove that combined with bulky POSS substituents and a suitable polymer matrix to disrupt the p-stacking, PDI uorophores can deliver record high F F values when applied to polymer microspheres.
Conclusions
In this study, the morphologies and photophysical properties of PDI-embedded polymer microspheres were investigated. Hollow microspheres of PPP/PHBV and PPP/PS were successfully prepared using an electrospray technique. The microspheres show bright red FL under FM. UV-vis absorption and FL spectra of the microspheres indicate that the properties of the polymer matrix play a signicant role in the aggregation state and F F of the embedded PDI uorophore. Both the PPP/PHBV and the PPP/PS microspheres show higher F F values than most PDI materials in the condensed phase. The PPP/PHBV microspheres deliver F F of 28%, whereas the PPP/PS microspheres give nearly unity F F . The much higher F F of PPP/PS is attributed to the better ability of PS to disrupt the p-stacking of the PPP uorophore. The results indicate that with the bulky POSS MNPs attached to the N-positions of the PDI unit, PPP is a red uorophore that shows great potential for sensing and nanotechnology.
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